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WIND-TUNNEL INVESTIGATION OF THE WAKE NEAR THE TRAILING EDGE 
OF A DISTRIBUTED UPPER-SURFACE-BLOWN FLAP 

David F. Forsyth, Long P. Yip, and Alvin M. Bloom 

The George Washington University 
Joint Institute of Acoustics and Flight Sciences 

and 

Langley Research Center 

SUMMARY 

An investigation of the flow field near the trailing edge of a 
distributed upper-surface-blown propulsive-lift transport was conducted 
in the Langley V/STOL tunnel. This model used blowing slots across the 
entire wing span to produce a thin jet efflux near the leading edge and 
at the knee of the flap. Velocity surveys of the flow field were taken 
near the trailing edge of the model and are presented as plots of the 
individual velocity vectors. The test conditions include an angle-of- 
attack range from 4° to 16° and a thrust coefficient range from 0 to 
1.3 at a free -stream dynamic pressure of 814 N/nr (17 Ibf/ft ). 

INTRODUCTION 

Several propulsive-lift concepts have been investigated recently in 
efforts aimed at developing a quiet short take-off and landing (STOL) 
aircraft. The upp r-surface blown (USB) jet-flap concept appears to 
offer an attractive solution for a quiet STOL aircraft. Although most 
USB configurations use engine nacelles mounted on the inboard portion 
of the wing, one version of the USB concept, which was used in the 
present investigation, uses a slot nozzle near the wing leading edge. 
This slot nozzle is beneficial in two aspects. First, it improves the 
aerodynamic performance by distributing the propulsive efflux in the 
spanwise direction. For a given momentum coefficient, this distribution 



of the propulsive efflux can improve the lift and can reduce the induced 
drag when compared to a discrete USB nacelle. Second, this arrangement 
can provide beneficial noise reduction characteristics by using a very 
high aspect-ratio nozzle and by using the wing to shield the nozzle 
noise from the ground. 

The present investigation was made to determine the behavior of the 
flow near the trailing edge of a distributed USB jet flap. A general 
research model of a swept-wing propul sive-li ft transport was tested in 
the Langley V/STOL tunnel. This model uses blowing slots across the 
entire wing span to produce a thin jet efflux near the leading edge and 
at the knee of the trailing flap. Velocity surveys of the flow field 
were taken near the trailing edge of the model and are presented as plots 
of the individual velocity vectors. A similar investigation on an 
externally blown flap model is reported in reference 1. The velocity 
measurements of the present investigation were used in reference 2 to 
determine the spanwise distributions of jet-momentum and jet-turning 
angles. The test conditions include a tunnel free-stream dynamic 
pressure of 814 N/m 2 (17 lbf/ft 2 ) with an angle-of-attack range of 4° to 
16° and a thrust coefficient range from 0 to 1.3. 

SYMBOLS 


The measurements of this investigation are presented in the 
International System of Units (SI) with the U.S. Customary Units being 
indicated in parentheses. The measurements and calculations were made 
in the U.S. Customary Units. Factors relating the two systems are 
given in reference 3. 

b wing span, m (ft) 


c local chord of wing with flaps undeflected, m (ft) 



total engine gross thrust coefficient, 


Thrust 


2 



2 2 

free -stream dynamic pressure, N/m (lbf/ft ) 

2 2 

S wing area, m (ft ) 

u,v,w velocity components in the x,y,z direction, respectively, 

m/sec (in/sec) 

V velocity, m/sec (in/sec) 

X,Y,Z rectangular Cartesian axes 

a angle of attack of wing qhordline (also fuselage centerline), 

deg 

6p flap deflection, deg 

n spanwise station, 

Subscripts: 

L local 

» free stream 

iMODEL AND APPARATUS 

This investigation was conducted with a general research mode) of 
a swept-wing propulsive-lift transport (fig. 1). The aspect ratio 6.8 
wing had double-hinged plain flaps and no mechanical leading-edge 
devices. For propulsive lift, the wing had full-span slots near the 
leading edge and full-span blowing holes at the knee of the trail ing- 
edge flap (fig. 2). High pressure air was blown from the forward slot 
alone (leading-edge blowing), from the rear blowing holes alone 

3 . 



(knee of flap blowing), or from both simultaneously (combined blowing). 
Although the knee of flap blowing was produced by blowing holes, the 
row of holes will sometimes be referred to as a blowing slot. The 
forward slot was located at the 19-percent chord station, and the rear 
blowing holes were located at the 70-percent-chord station. The forward 
slot was 1.020 mm (0.040 in.) high at the root and tapered to a height 
of 0.254 mm (0.010 in.) at the tip. The hole diameter of the blowing 
holes varied from 2.490 mm (0.098 in.) at the root to 0.508 ran (0.020 in.) 
at the tip. The amount of blowing could be controlled by valves located 
inside the fuselage of the model. Figures 3 and 4 show photographs of 
the model and blowing slots. 

The test apparatus used in the investigation is shown in figure 5. 

The distributed USB model, traverse mechanism, and total vector 
anemometer are shown in figure 5. At each spanwise station, total 
velocity measurements were taken with the anemometer mounted on the 
traverse mechanism. The anemometer consisted of three split-film sensors 
(fig. 6) which were mutually orthogonal (fig. 7), and the anemometer was 
oriented in such a way that two sensors were in the 
(See fig. 8.) This anemometer orientation was chosen (based on 
calibration studies) to minimize the flow interference between the 
sensors. Details of the split-film vector anemometer can be found in 
reference 4. 


TEST PROCEDURE 

The tests were conducted in the Langley V/ST0L tunnel at a free- 
stream dynamic pressure of 814 N/m^ (17 lbf/ft^) and were made over an 
angle-of -attack range of 4° to 16° and a total thrust coefficient range 
of 0 to 1.3. 

For the near-wake survey, the traverse mechanism was positioned so 
that the anemometer's lateral movement was always parallel to the flap 
trailing edge. The anemometer was moved laterally to a specified 
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spanwise station (fig. 9) and then was traversed vertically through. the 
wake near the flap trailing edge. The distance between the anemometer . 
and the flap trailing edge varied as the model angle of attack was 
varied (fig. 10). The minimum distance of 2.54 cm (1.0 in.) occurred 
at 4° angle of attack. The maximum distance of 15.24 cm, (6.0 in.) 
occurred at 16° angle of attack. 

DATA REDUCTION 

The data obtained in the near-wake investigation were recorded in 
digital form on magnetic tape. The recorded voltage outputs from the 
anemometer were converted to velocity components in a manner similar to 
that given in reference 4. The velocity measurements of every five 
points of data were averaged to obtain velocity vectors. This also 
reduced the number of data points. The averaged velocity vector 
data showed a large random sinnal. A smoothing algorithm was 
incorporated into the data reduction procedure to smooth the data. 

The algorithm (refs. 5, 6, and 7) combines some of the advantages 
of a least square polynomial with the segmented curve of the theory . 
of splines. More accuracy was obtained by segmenting the curve than 
by using the method of least squares,, random fluctuations in the 
data could be smoothed. 


(PRESENTATION OF DATA 

Three basic configurations were tested. The first configuration 
used blowing from the forward slot only (leading-edge blowing) and a 
flap deflection of 45°-15°. A 45°-l 5° flap deflection (fig. 1) designates 
that the forward flap element was deflected 45° with respect to the 
airfoil chordline, and the rear flap element was deflected 15° relative 
to the forward flap. The total flap deflection of the rear element was 
60°. The second configuration used blowing from the forward slot and 
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the rear slot (combined blowing) In a ratio of 70 percent to 30 percent, 
respectively. The flap deflection was again 45°-15°. The third configu- 
ration involved blowing from the forward slot with a flap deflection 
of 15°-15°. 

Wake-survey measurements were made for all three model configu- 
rations, and the data are presented in figures 11 to 320. For the first 
model configuration, velocity data were not taken at n = 0.24 and 0.38. 
Each figure presents data for a single spanwise location and the figure 
is divided into three parts. Part (a) shows the magnitude and deflec- 
tion of the streamwise velocity vectors relative to the chordlines of 
the wing and flap elements. The small arrows on the vectors indicate 
the number of units of free-stream velocity in the magnitude of the 
local streamwise velocity vector. A free-stream velocity vector relative 
to the wing and flap element is shown below the wing chordline. Part (b) 
shows the downwash angle plotted against the anemometer elevation. The 
downwash angle is defined as the angle that the local streamwise velocity 
vector makes with the free-stream velocity vector. The anemometer 
elevation has been nondimensionalized by the reference chord 
(c = 0.313 m (12.314 in.)). The zero anemometer elevation is defined 
as the height of the flap trailing edge from the tunnel floor and is 
denoted in part (a) by a small circle at the origin of the arrows. 

A positive anemometer elevation is defined as a location below the flap 
trailing edge. Part (c) shows the local streamwise velocity plotted 
against anemometer elevation. The locaT streamwise velocity has been 
nondimensionalized in terms of the magnitude of the free-stream velocity. 
The magnitude of the free-stream vector is given in the figure title. 

For parts (b) and (c), results from all of the velocity vectors measured 
are included in the plots; however, in part (a), only every other measured 
velocity vector is plotted so that the vectors could be more clearly 
seen. 

The data are presented as described in the following table: 
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Flap 

Deflection, Blowing 
deg 


a, deg Figure Numbe 


.eading 

edge 


Combi ned 


Leadi ng 
edge 


11-18 

19-26 

27-34 

35-42 

43-50 

51-58 

59-66 

67-74 

75-82 

83-90 

91-98 

99-106 

107-114 

115-122 

123-130 

131-140 

141-150 

151-160 

161-170 

171-180 

181-190 

191-200 

201-210 

2U-220 

221-230 

231-240 

241-250 

251-260 

261-270 

271-280 

281-290 

291-300 

301-310 

311-320 
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Figure 3. - Photograph of the model in the NASA Langley V/STOL tunnel. 



Figure 4. - Closeup photograph of upper surface of wing showing 

forward and rear slots. 




Figure 5 . - Photograph of the test apparatus used in 
wake-survey investigation. 











Figure 8. - Closeup photograph of the velocity probe. 
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(C) - LOCAL VELOCITY/FREESTREAM VELOCITY 
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FIGURE 22. - WAKE SURVEY RESULTS FOR V = .599 . a = 6-30 DEG. 

C ^0-00 . V„ .= 36-43 M/SEC. 6 F = 60.0 DEG 
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FIGURE 30. 


WAKE SURVEY RESULTS FOR V - .601 . a = 8=37 DEG , 
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C y = . 50 . V„ = 36.08 M/SEC, 6 p - 60.0 DEG 
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(0) - VELOCITY PROFILE 
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FIGURE ||4. - WAKE SURVEY RESULTS FOR V = -203 , a = 8=54 DEG , 

C w -1 = 00 , = 36=38 M/SEC , 6 p = 60 = 0 DEG 
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Cy =1.00 . V„ = 36.45 M/SEC, 6 p = 60-0 DEG 
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FIGURE 166.- NRKE SURVEY RESULTS FOR V = .451 . a f 12-58DEG. 
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FIGURE 168 . - WAKE SURVEY RESULTS FOR V = .318 . a = 12-62DEG, 

c w = .60 . = 36.34 M/SEC. 6 p = 60.0 DEG 
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